SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics were prepared via a high temperature solid-state reaction. The results show that the phase structures of the SmTaO 4 ceramics are a monoclinic phase (space group: I2 (5)), the Sm 3 TaO 7 ceramics are an ordered orthorhombic phase (space group: Ccmm), and the SmTa 3 O 9 ceramics are an orthorhombic phase (space group: Cmmm). Macromolecular and crystal structures of Sm 3 TaO 7 and SmTa 3 O 9 are more complex than those of SmTaO 4 , which can enhance phonon scattering and reduce thermal conductivity. Compared with those of SmTaO 4 and SmTa 3 O 9 , Sm 3 TaO 7 has the smallest grain size, indicating that a small grain size has an effect on strength and ensures material stability. Because of a distorted TaO 6 octahedron and a high concentration of cation vacancy in the lattice of SmTa 3 O 9 , its thermal conductivity increases with increasing temperature. Compared with that of 7-8 YSZ, Sm 3 TaO 7 has a low thermal conductivity (1.3-1.7 W·m −1 ·K −1 at 100°C-900°C), and its minimum thermal conductivity is nearly 30% lower than that of YSZ. The Sm 3 TaO 7 ceramics have the highest TECs at approximately 9.82×10 −6 K −1 at 1200°C, which is close to that of 7-8 YSZ (approximately 10×10 −6 ). This indicates that Sm 3 TaO 7 has the potential to be employed as a thermal barrier coating.
Introduction
Rare earth tantalate has attracted more attention in computed radiography, tomography and fluoroscopy because it is chemically stable, highly dense, and highly transparent in the UV, visible, and near infrared (NIR) regions [1] [2] [3] [4] . The rare earth tantalate (YTaO 4 ) was first proposed by Clarke [5] as a potential thermal barrier coated ceramic material. The good performance of TBCs (Thermal Barrier Coatings) materials is due to a high melting point, excellent high-temperature phase stability, low thermal conductivity, corrosion resistance, good thermal-expansion match with the bond coat, high fracture toughness, and so on. Yttria-stabilised zirconia (7-8YSZ) has been considered the most widely used materials for high-temperature TBCs. To further improve the thermophysical properties and service temperature of YSZ, a large number of researchers have studied its modification by various methods in the past decades, but it is still difficult to improve the application temperature of YSZ. Many refractory materials have been investigated as promising TBCs, such as RE 2 [6] [7] [8] [9] [10] [11] .
The rare earth tantalate ceramics have a high melting point and extremely low thermal conductivity (∼1.0 W.m −1 .k −1 ), high thermal expansion coefficients (TECs, ∼11.0×10 −6 K −1 ), outstanding high-temperature phase stability and excellent mechanical properties; thus, they are widely researched as promising thermal barrier coatings (TBCs). It is believed that their application temperature is as high as 1600°C. According to a binary phase diagram, the families of rare earth tantalate mainly consist of three kinds of compounds: RETaO 4 , RE 3 TaO 7 and RETa 3 O 9 [12, 13] . RETaO 4 shows great potential in the application of structural materials, especially for thermal barrier coatings, because of its ferroelastic transformation and low thermal conductivity [14] [15] [16] . RETaO 4 exists in at least three polymorphs: a monoclinic fergusonite structure labeled M' (space group: P2/a), a scheelite-type tetragonal phase designated T (space group: I4 1 /a) and a monoclinic fergusonite marked M (space group: I2/a) [17, 18] . The T phase is a high-temperature equilibrium phase originating from the M' phase by reconstructive transformation. On cooling, the T phase goes through a displacive transformation to form the M phase instead of the M' phase; this process is also referred to as a ferroelastic transformation and occurs with almost no volume change. The high-temperature phase transition between the tetragonal and monoclinic forms of YTaO 4 has been studied using a combination of first-principles calculations and a Landau free-energy expansion by Feng et al [19] . Wang et al [20] investigated the thermal properties of RETaO 4 (RE=Nd, Eu, Gd, Dy, Er, Yb, Lu) and found that the RETaO 4 ceramics have lower thermal conductivities than that of YSZ. Thermophysical properties, including the specific heat, thermal diffusivity, thermal conductivity and thermal expansion coefficients of SmNb 1−X Ta X O 4 ceramics, were investigated systematically by Luo et al [21] . Based on a phonon-point defect scattering theory, Wu et al conducted an optimization study on the thermophysical properties of Zr 4+ -doped DyTaO 4 [22] , (Y 1−x Dy x )TaO 4 [23] . A series of RE 3 TaO 7 samples were synthesized in solid-state reactions at 1350°C or 1700°C by Yoshiyuki et al [24] . The results indicate that the RE 3+ and Ta 5+ ions are ordered in an RE 3 TaO 7 arrangement even for the smaller RE 3+ ions. Based on Zhang [25] , Sm 2 YbTaO 7 and Sm 2 YTaO 7 exhibit a typical defect-fluorite-type crystal structure. Sm 2 Zr 2 O 7 ceramics are applied in gas turbines with operating temperatures exceeding 1500°C owing to a unique property of samarium [26] . Chen et al investigated the thermophysical properties of RETa 3 O 9 ceramics as potential thermal barrier coatings [27] . The results reveal that the heat transfer of RETa 3 O 9 ceramics deviates from that of the Umklapp scattering process, and the thermal conductivity increases with increasing temperature, which is appropriate due to the vacancy of RE sites.
Previous studies have systematically reported the crystal structure, magnetism and luminescent properties of rare earth tantalate ceramics, but the thermophysical properties of SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 have not been reported and compared. Thus, the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics were prepared via a hightemperature solid-state reaction. Testing of the thermophysical properties of SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 will be the focus of the present work, consisting of elastic modulus, thermal expansion coefficients, thermal diffusivity and thermal conductivity. This work is helpful for understanding the microstructures and thermal properties of SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramic, thus providing guidance for its high temperature application, particularly as TBCs.
Experimental process 2.1. Materials and synthesis
The SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics were synthesised by a solid-state reaction at 1600°C for 10 h. The raw materials include Sm 2 O 3 (>99.9% Aladdin, China), Ta 2 O 5 (>99.9% Aladdin, China) and anhydrous ethanol (>99.9% Aladdin, China). Powders were mixed in a predetermined mole ratio of 1:1, 3:1, and 1:3, and then they were ball-milled (8 h, 300 rpm) with alcohol and kept at 70°C for 10 h. After cooling, the powders were sieved through 100-mesh sieves. The uniform powders obtained were pressed into discs that were 15 mm in diameter and 3 mm in height, under 5 MPa for 3 min. The discs were then kept under 300 MPa for 5 min. Finally, the green bodies compacted under 300 MPa for 5 min by cold isostatic pressing were sintered at 1600°C for 10 h.
Phase and microstructure characterization
The phase structures of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics were identified by x-ray diffraction (XRD) (Rigaku, MiniFlex600, Japan). Scanning electron microscopy (SEM) (JEOL, JSM-7001F, Japan) was utilized to observe the microstructure of the sample. The Archimedes technique was performed to confirm the bulk density (ρ) with deionized water as the immersion medium. Each sample was measured three times to reduce the experimental error.
Thermal properties
The thermal diffusivity was measured under the protection of argon gas in a laser flash instrument (Netzsch, LFA 457, Germany) from 100°C to 900°C. The samples were machined into a diameter of 6 mm and a thickness of less than 1 mm to fit the measuring container. Then, the samples were coated with both gold and a thin layer of colloidal graphite on both sides to weaken heat radiation and ensure full absorption of the laser pulses. A deviation of less than 2% was determined using a radiation-pulse correction model. Three independent measurements were conducted at each point, and the thermal conductivity was calculated as follows:
where ρ is the bulk density and C p is the heat capacity calculated by the Neumann-Kopp rule. As the fabricated ceramics contain pores, the thermal conductivity of the full-density solid was normalised as follows:
where j is the porosity determined by the Archimedes technique.
Elastic modulus and thermal expansion
The transverse acoustic velocity (υ t ) and longitudinal acoustic velocity (υ l ) were measured by a UMS Advanced Ultrasonic Modulus measurement system (TECLAB, France) at room temperature. The average acoustic velocity (υ m ) was calculated as follows [28, 29] :
The thermal expansion rate (d L /L 0 ) and thermal expansion coefficients (TECs) of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics were determined by a thermo-mechanical analyser (NETZSCH TMA 402 F3, Germany) from room temperature to 1200°C. In order to check the repeatability and accuracy of thermal dilatometer, the standard material was used as a standard for calibration of dilatometer. As the equipment (NETZSCH TMA 402 F3, Germany) uses Al 2 O 3 bracket and push rod, the standard sample is Al 2 O 3 provided by NETZSCH. The Al 2 O 3 standard sample has a wide temperature range (−190°C-1680°C), high precision and low-cost. Thus, the thermal expansion rate of alumina (Al 2 O 3 ) was used as the baseline for the measurements.
Optical properties
The optical properties were measured using a UV-vis spectrophotometer (UV-3600 plus; Shimadzu, Tokyo, Japan), and BaSO 4 powders were used as reference samples. The results of reflectance and absorption were obtained with wavelengths from 200 to 800 nm. The band gap was determined by the Kubelka-Munk method:
where R is the reflectance and F(R) is proportional to the extinction coefficient (j).
Results and discussion
3.1. Phase structure and microstructure Figure 1 shows the XRD patterns of the figure 2 . During sintering, the ceramic particle size is approximately 1-20 μm, and one can see that the ceramics have a clear grain boundary and better crystallization form figures 2(a)-(f). SmTaO 4 has a larger grain size than those of the other two ceramics, with a grain size of approximately 10-20 μm. Figure 2(d) shows the domain structures of the SmTaO 4 ceramics, which may relate to an ordinary grain growth around a screw dislocation. In general, ferroelastic domain structures of YTaO 4 and DyTaO 4 ceramics can be observed in detail by transmission electron microscopy (TEM) [22, 23] . In Sm 3 TaO 7 , a small quantity of pores is observed, and the grain size is approximately 1-5 μm. A small number of pores will reduce the hardness, bending strength and creep resistance. The grain size of SmTa 3 O 9 is 1-5 μm with an irregular shape and uneven size. Compared with those of SmTaO 4 and SmTa 3 O 9 , Sm 3 TaO 7 has the smallest grain size, indicating that a smaller grain size has an effect on the strength and ensures material stability. Thus, it is believed that a decrease in crystal size can produce excellent toughness at high temperature. Table 1 
Elastic properties
The transverse acoustic velocity (υ t ) and longitudinal acoustic velocity (υ l ) of SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 were measured by a UMS Advanced Ultrasonic Modulus measurement system. The average acoustic velocity (υ m ) was calculated by equation (3). Table 2 shows the elastic modulus of SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics, and the elastic modulus of Sm 3 TaO 7 ceramics is as high as 205 GP. The results are consistent with those of the SEM analysis. Under normal circumstances, Young's modulus increases with increasing bond strength, and bond strength usually increases with decreasing bond length. In particular, an ordered atomic arrangement can decrease the crystal lattice energy and increase the stability of the crystal structure. According to a phase characterization, Sm 3 TaO 7 with an ordered orthorhombic phase (space group: Ccmm) has more order and is more stable than those of SmTa 3 O 9 with an orthorhombic phase (space group: Cmmm). Young's modulus increases with increasing crystal structure stability in Sm 3 TaO 7 , which should be the main factor affecting the variation in Young's modulus. Figure 3 shows the thermophysical properties of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics. Specific heat capacities of the SmTaO 4 and SmTa 3 O 9 and Sm 3 TaO 7 ceramics were calculated by the Neumann-Kopp rule and are shown in figure 3(a) . The specific heat increased slowly with increasing temperature, which is attributed to volumetric expansion and phonon excitation. Moreover, the specific heat of Sm 3 TaO 7 is higher than that of SmTaO 4 and SmTa 3 O 9 , which contributes to a decrease in thermal conductivity. According to related reports [33] , one can see that the different concentrations of cationic vacancy were introduced at the A-site, and the thermal diffusivities of SrTiO 3 gradually transform from k∝T −1 to glass-like with a change of temperature. Compared with the concentration of the A-site vacancy in SrTiO 3 , the A-site vacancy concentration of Sm 3 TaO 7 is as high as 66.7%. The high concentration of A-site vacancies can produce a low energy 'rattling' vibrational mode, leading to glassy thermal diffusivities in a crystalline material. Furthermore, ultraviolet light analysis shows that SmTa 3 O 9 has an obvious thermal radiation effect at high temperature, which is one of the reasons why its thermal diffusivities increase with increasing temperature. When the temperature is below 600°C, SmTa 3 O 9 has the lowest thermal diffusivities compared to those of the SmTaO 4 and SmTa 3 O 9 ceramics. The main reason is that SmTa 3 O 9 ceramics have a large molecular mass and a distorted TaO 6 octahedron, which can enhance phonon scattering and reduce thermal diffusivities.
Thermophysical properties
Thermal conductivities of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics were obtained by multiplying the thermal diffusivities (ρ), specific heat (C p ) and density (ρ) according to equation (1) . The thermal conductivity curve is obtained by equation (2), as shown in figure 3 (c) , and the variation of thermal conductivity and thermal diffusivity are similar. The plots of 7-8 YSZ are also included for comparison [34] . This implies that SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 may have lower thermal conductivity than that of 7-8YSZ at the current test temperature. Compared with the thermal conductivity of the industrially applied 7-8YSZ thermal barrier coating material (2.1-2.7 W·m −1 ·K −1 , 25°C-900°C), the low thermal conductivities of Sm 3 TaO 7 and SmTa 3 O 9 ceramics are approximately 30% lower. The lower thermal conductivities of the Sm 3 TaO 7 and SmTa 3 O 9 ceramics are related to their complex crystal structure. The complex crystal structure and disordered atom arrangement increases the anharmonic lattice vibration, strengthens the phonon scattering and decreases the thermal conductivity. where h, k B , N and V represent the Planck constant, the Boltzmann constant, the number of atoms per cell and the unit cell volume, respectively. The minimum thermal conductivity (k min ) was calculated by equation (9) . The Poisson ratio, Grüneisen parameter, Debye temperature and minimum thermal conductivity of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics are listed in table 3. The Grüneisen constant decreases with increasing molecular mass, which indicates that the decrease in thermal conductivity is not caused by the increase in lattice anharmonic vibration. Moreover, the Debye temperature increases with increasing molecular mass, and a low Debye temperature indicates low thermal conductivity. The minimum thermal conductivities of the SmTa 3 O 9 ceramic calculated by the Clarke modes are as low as 0.93 W·m −1 ·K −1 . It is widely accepted that the short phonon mean free path is derived from the strong phonon scattering caused by the complex crystal structure, the high concentration of lattice defects and the grain boundary. According to XRD and EMS, the scattering effect of the grain boundary and the high concentration of lattice defects on the phonon can be omitted. Thus, the relatively low thermal conductivities of the Sm 3 TaO 7 and SmTa 3 O 9 ceramics is attributed to the complex crystal structure. Figure 4 (a) shows that the deformation variable of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics increases with increasing temperature, revealing that the ceramics possess an excellent high-temperature phase stability. Figure 4(b) shows that the TECs of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics decrease with increasing temperature at a lower temperature (reaching a minimum value at 210°C) and then increase with increasing temperature. The thermal shrinkage of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics is due to the orderliness of the TaO 4 and TaO 6 polyhedrons in the crystal structure increasing with increasing temperature [35] . The Sm 3 TaO 7 ceramics have the highest TECs at approximately 9.82×10 −6 K −1 at 1200°C, which is close to that of 7-8 YSZ (approximately 10×10 −6 ). The TECs of the SmTaO 4 and SmTa 3 O 9 ceramics are lower than that of 7-8 YSZ. In light of the low thermal conductivity, high TECs, excellent phase stability, the Sm 3 TaO 7 ceramics are promising candidates as thermal barrier coating materials. Figure 5 (a) shows that the reflectance of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics increases with wavelength. The reflectance reduces suddenly at a certain wavelength due to the 4f 5 transition in the 4f shell of samarium. The shapes and positions of these peaks are consistent with those of Sm 2 O 3 prepared by Jack L. Ryan. SmTa 3 O 9 has the highest reflectivity, and Sm 3 TaO 7 has the lowest reflectivity. Figure 5(b) shows that the absorption of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics decreases with increasing wavelength and that SmTa 3 O 9 exhibits the lowest absorption. When the wavelength is greater than 500 nm, the absorption rate of SmTa 3 O 9 is almost zero. According to a previous analysis of the thermal diffusion coefficient of SmTa 3 O 9 , the thermal diffusion coefficient of SmTa 3 O 9 increases with increasing temperature, which is caused by the thermal radiation effect of SmTa 3 O 9 . Figure 5 (c) shows the band gaps calculated by the Kubelka-Munk formula. The band gaps of the SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics are in the range of 4.1-5.0 eV and decrease with decreasing molecular mass. The band gap of each sample corresponds to the gap between the valence band formed by O 2p and the conduction band formed by Ta 5d. The band gap values of the ceramics are consistent with the results reported by Masato Machida [36] , as it closely relates to the energy level of the 4f shell in the electronic structure. Thus, the SmTa 3 O 9 ceramic sample exhibited a narrower band gap (4.1 eV) than those of the other specimens. Therefore, it is inferred that heat is conducted by phonons in ceramics, and the effect of the carrier on thermal conduction can be omitted.
Optical properties

Summary
SmTaO 4 , Sm 3 TaO 7 and SmTa 3 O 9 ceramics were prepared via a high-temperature solid-state reaction. The results show that the phase structures of the SmTaO 4 ceramics are a monoclinic phase (space group: I2 (5)), the Sm 3 TaO 7 ceramics are an ordered orthorhombic phase (space group: Ccmm), and the SmTa 3 O 9 ceramics are an orthorhombic phase (space group: Cmmm). The crystal structures of Sm 3 TaO 7 and SmTa 3 O 9 are more complex than that of SmTaO 4 . Macromolecular mass and complex crystal structure can enhance phonon scattering and reduce thermal diffusion. Compared with those of SmTaO 4 and SmTa 3 O 9 , Sm 3 TaO 7 has the smallest grain size, and it is believed that a small crystal size can produce excellent toughness at high temperature. SmTa 3 O 9 has a low thermal expansion coefficient (9.82×10 −6 k −1 , 1200°C) and thermal shrinkage at low temperature, but has poor comprehensive performance and is not suitable for use as a thermal barrier coating material. Sm 3 TaO 7 has the smallest grain size and a high Young's modulus and Vickers hardness, which can reduce the coating failure. Sm 3 TaO 7 has a low thermal conductivity (1.3-1.7 W·m −1 ·K −1 at 100°C-900°C), a high coefficient of thermal expansion (9.82 10 -6 K -1 at 1200°C), and significant thermal radiation effects. Compared with that of 7-8 YSZ, the minimum thermal conductivity of Sm 3 TaO 7 is nearly 30% lower. This indicates that Sm 3 TaO 7 has the potential to be employed as a thermal barrier coating.
